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FOREWORD

A short history of the develoipment‘of the prediction methods in this Technical Note will
permit the reader to compare them with earlier proceduces. Some of these methods were first
reported by Norton, Rice and Vogler {1955]. Further development of forward scatter predictions
and a better understanding of the refractive index structure of the atmosphere led to changes re-
ported in an early unpublished NBS report .",nd in NBS Technical Note 15 [Rice, Longley and
Norton; 1959]. The methods of Technical Note 15 sérved as a basis for part of anofher unpublished
NBS report which was incorporated in Air Force Technical Order T. ©O. 31Z-10-) in 1961. A
preliminary draft of the current technical note was submitted as a U. S. Study Group V contribution
to tﬁe CCIR in 1962,

Technical Note 101 uses the metric system throughout, For most computations both a
graphical method and formulas suitable for a digital computer are presented. These include
simple and comprehensive formulas for computing diffraction over ‘umooth”earth and over irregular
terrain, as well as methods for estimating diffraction over an lsolated rounded obstacle. New
empirical graphi are tncluded for estimating long-term vaﬂabllity for meveral climatic regions,
based on data that have been made avallable,

For pathi in a continental temperite climate, these predictions are px-acti.cal'ly the same
as those published in 1961, The reader will find a number of graphs have been simplified and that
many of the calculations are more readily adaptable to comput;er programming. The new material
on time availability and service probability in several climatic regton‘ should prove valuable for
areas other than the U, §. A,

Changes in this revision concern mainly séctions 2 and 10 of volume 1 and annexes I, II and
V f volume 2, and certaln changes in notation and symbols, The latter changéi make the notation
more consistent with statistical practice,

Section 10, Long-Term Power Fading contains additional material on the effects of
atmospheric stratification,

For convenlence in using volume 2, those symbols which are found only in an annex are
listed and explained at the end of the appropriate annex. Sectlon 12 of volume 1 lists and explains

only those symbols used in volume 1.

Note: This Technical Note consists of two volumes as {ndicated in the Table of Contents.

i
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Annex 1

AVAILABLE DATA, STANDARD CURVES, AND A SIMPLE PREDICTION MODEL

The simplest way to predict long-term median transmission loss values would be to
use a best-fit curve drawn through measured data (represented by their overall median values)
plotted as a function of path length. Such a method ignores essentially all of our understanding
of the physics of tropospheric propagation, is subject to especially large errors over rough
terrain, and such empirical curves represent only the conditions for whic;x data are available.

Curves that may be useful for establishing preliminary allocation plans are presented
in section I. 2 of this annex. These "standard" curves were prepared for a fixed combination
of antenna heights and assume propagation over a smooth earth, The curves are not suitable
for use on particular point-to-point paths, since they make no allowance for the wide range
of propagation path profiles or atmospheric conditions that may be encountered over particular
paths.

A method for computing preliminary reference values of transmission loss is described
in section I.3. This method is based on a simple model, may readily be programmed, and is

especially useful when little is known of the details of terrain.

I.1 Available Data as a Function of Path Length

Period-of-record median values of attenuation relative to free space are plotted vs,
distance in figures I.) to 1.4 for a total of 750 ré.dio paths, separating the frequency ranges
40-150 MHz, 150-600 M Hz, 600-1000 MHz, and 1-10 GHz. Major sources of data other
than those refevenced by Herbstreit and Rice [1959] are either unpublished or are given by
Bray, Hopkine, Kitchen, and Saxton {1955], Bullington [1955], duCastel [1957b], Crysdale
[1958], Crysdale, Day, Cook, Psutka, and Robillard [1957], Dolukhanov [1957], Grosskopf
|1956], Hirai [1961a, b], Josephson and Carlson [1958], Jowett [1958), Joy [1958a, b], Kitchen
and Richmond [1957]; Kitchen, Richards, and Richmond [1958], Millington and Isted [1950},
Newton and Rogers [1953], Onoe, Hirai, and Niwa [1958], Rowden, Tagholm, and Stark
[1958], Saxton [19%1], Ugai [1961), and Vvedenskii and Sokolov [1957].

Three straight lines were determined for each of the data plots shown in figures I.1
to I.4. Near the transmitting antenna, A = 0 on the average. Data for intermediate dis-
tances, where the average rate of diffraction attenuation is approximately 0.09 f_;_ db per
kilometer, determine a second straight line. Data for the greater distances, where the level
of forward acattér ﬁa*.ldu is reached, determine the level of a straight line with a slope varying
from 1/18 to 1/14 db per kilometer, depending on the frequency.

The dl,h;&nﬂ curves of figures I, 1-1. 3 show averages of broadcast signals recorded at
2500 random locations in six different areas of the United States. - The data were normalized

to 10-meter and 300.rmeter antenna heights, and to frequencies of 90, 230, and 750 M Haz,

I-1



For this data sample [TASO 1959], average fields are low mainly because the receiver loca~
tions were not carefully selected, as they were for most other paths for which data are shown.
The extremely large variance of long-term median transmission loss values recorded

over irregular terrain is due mainly to differences in terrain profiles and effective antenna

heights. For a given distance and given antenna heights a wide range of angular distances is
possible, particularly over short diffraction and extra-diffraction paths. Angular distance,
the angle between radip horiton rays from each antenna in the gréat circle plane containing
the antennas, is a very irnportant parameter for transmission loss calculations, (see section
6)., Figure 1.5 shows for a number of paths the variability of angular distance relative to

its value over a smooth spherical sarth as a function of path distance and antenna heights,

Most of the "scatter" of the experimental long-term medians shown in figures 1,1 -
1.4 is due to path-to~path differences. A small part of this variation is due to the lengths of
the recording periods, For all data plotted in the figures the recording period exceeded two
weeks, for 630 paths it exceeded one month, and for 90 paths recordings were made for more
than a year.

An evaluation of the differences between predicted and measured transmission loss
values is discussed briefly in annex V, In evaluating a prediction method by its variance
from observed data, it is important to remember that this variance is strongly influenced by
the particular data sample available for comparison, Thus it is rnost important that these.
data samples be as representative as possible of the wide range of prOpag.a.tion path conditions
likely to be encountered in the various types of service and in various parts of the world,

To aid in deciding whether it is worthwhile to use the point-to-point prediction method
outlined in sections 4 - 10, instead of simpler methods, figure I. 6 shows the cumulative dig-
tribution of deviations of predicted from observed long-tarrﬂ median values. The dash-dotted
curve shows the cumulative distribution of deviations from the lines drawn in figures I, 1 -

L. 4 for all available data, The solid and dashed curves compare predictions based on these
figures with ones using the point«to«point method for the same paths. Note that the detailed
point-to-point method could not be used in many cases becauge of the lack of terrain profiles

Figure I. 6 shows a much greater variance of data from the "ernpirical’ curves of fig-
ures I.1-1.4 for the sample of 750 paths than for the smaller sample of 217 paths for which
terrain profiles are available, The wide scatter of data illsutrated in figure I. 4 for the fre-
quency range'l - 10 GHz appears to be mainly reaponsible for this, Figur'e I, 4 appears to
show that propagation is much more sensitive to differences in terrain profiles at these higher
frequencies, as might be expected, The point-to-point prediction methods, dépénding on a
number of parameters besides distance and frequency, are also empirictﬁ, since they are
made to agree with available data, but estimates of their réliabﬂity over a period of years
have not varied a great deal with the size of the sample of data made avauah{lg for compari-
aon with them,
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1.2 Standard Point-to«Point Transmission Loas Curves

A set of standard curves of basic transmission loss versus distance is presented in
figures 1,7 to 1.26. Such curves may be useful for establishing preliminary allocation plans
but they are clearly not suitable for use on particular point-to-point paths, since they make
no allowance for the wide range of propagation futh terrain profiles or atmospheric condi~
tions which may be encountered, Similar curves developed by the CCIR [ 1963g; 1963h] are
subject to the same lirmitation.

The standard curves show predicted levels of basic transmission loss versus path
distance for 0.01 to 99,99 percent of all hours, These curves were obtained using the
peint.to-point predictions for a smooth earth, N' = 301, antenna heights of 30 meters,
and estimates of oxygen, water vapor, and rain absorption described in section 3,  Cumu-
lative distributions of hourly median transmission lose for terrestrial links may be read
from figures 1.7 to I, 17 for distances from 0 to 1000 kilometers and for 0.1, 0.2, 0,5,
1, 2. 5, 10, 22, 32.5, 60 and 100 GHz. The same information may be obtained from
figures 1,18 to 1.20,

For earth-space links, it is important to know the attenuation relative to free space,
A, between the earth station and space station as a function of distance, frequency, and the

angle of elevation, 8, , of the space station relative to the Borizontal at the earth station

[ CCIR 19634; 1963] .h Using the CCIR basic reference atmouphere*, [ CCIR Report 231,
1963¢]standard propagation curves providing this information for 2, 5 10, 22, 32.5, 60
and 100 GHz, for 0,01 to 99,99 percent of §11 hours, and for 'eh =0, 0.03 0.1, 0.3,
1.0, and /2 radians are shown in figures [,21-1,26, where A 1is plotted againet the
straighteline distance r_  between antennas, The relationship between A and L, . is

given by

L =A+L, =A+32.45420logf+20logr db (1.1)
where f is the radio frequency in meégahertz and r is the straight-line distance between
antennams, expressed in kilometers,

The curves in figures 1.7-1.26 provide long-term cumulative distributions of hourly
median values. Such standard propagation curves are primarily useful only for general
qualitative analyses and clearly do not take account of particular terrain profiles or par-
ticular climatic effects. For example, the transmission loss at the 0. 1% and 0, 1% levels
will be substantially smaller in maritime climates where ducting conditions are more

common,

*
The transmission loss predictions for this atmosphere are essentially the same as
predictions for N. = 301,
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ANGULAR DISTANCE VERSUS DISTANCE FOR THE 290 PATHS FOR WHICH
TERRAIN PROFILES ARE AVAILABLE
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RATIC OF PREDICTED TO OBSERVED TRANSMISSION LOSS, EXPRESSED IN DECIBELS

60

50

40

30

20

CUMULATIVE DISTRIBUTION OF DEVIATIONS OF OBSERVED
FROM PREDICTED VALUES OF TRANSMISSION LOSS

c—

T

A

POINT-TO-POINT PREDICTION REQUIRING \

PATH PROFILES; 217 PATHS

= e e——— EMPIRICAL PREDICTIONS REQUIRING ONLY ; \
DISTANCE AND FREQUENCY FOR THE

SAME 2i7 PATHS

———-——- EMPIRICAL. PREDICTION; 750 PATHS

/’/‘/

(U ] 5 10 2 30 40 5 60 70 80 % 95 99 999
PERCENT OF AVAILABLE PATHS

Figure 1.6

1-9

93.93



10k LOSS 1N DECIBELS

S

BASIC TRANSM!S

STANDARD PROPAGATION CURVES
HOURLY MEDIAN BASIC TRANSMISSION LOSS
VERSUS DISTANCE AND TIME AVAILABILITY
FREQUENCY 0.! GHz hyg=hyg 230 m

P
[EEH

T
1

piEHL)

+

:

HOURS

13

B

llo

18

sl

%0

0

HH

TITEETY

]
I

I
iIM

T

] “gfﬁr

=t 99,

1

|

1

b

i
T

400 500 600
PATH DISTANCE IN KILOMETERS

Figure 1.7

w

800




-1

BASIC TRANSMISSION LOSS IN DECIBELS

80

STANDARD PROPAGATION CURVES
HOURLY MEDIAN BASIC TRANSMISSION LOSS
VERSUS DISTANCE AND TIME AVAILABILITY

FREQUENCY 0.2 GHa

Py = hyq = 30mM

ALl

I FEN HIKR R

I REN|

)
]

“0

160 F

B
1o
Z

4+

rgriin

o
Te)

et

180

LV

=[]

200

[73
L=

o]

F..

I

u

260

L4

280

300

3

400 500 600
PATH DISTANCE IN KILOMETERS

Figure 1.8

800



STANDARD PROPAGATION CURVES
HOURLY MEDIAN -BASIC TRANSMISSION LOSS
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STANDARD PROPAGATION CURVES
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STANDARD PROPAGATION CURVES
HOURLY MEDIAN BASIC TRANSMISSION LOSS

VERSUS DISTANCE AND TIME AVAILABILITY
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STANDARD PROPAGATION CURVES
PREDICTED MEDIAN LEVELS OF BASIC TRANSMISSION LOSS
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THE CURVES ARE DRAWN FOR FREQUENCIES BETWEEN -5 AND 100 GHa

STANDARD PROPRGATION CURVES
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STANDARD PROPAGATION CURVES FOR EARTH-SPACE LINKS

8o O RADIANS
NO ALLOWANCE HAS BEEN MADE FOR GROUND REFLECTION
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STANDARD PROPAGATION CURVES FOR EARTH SPACE LINKS
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ATTENUATION BELOW FREE SPACE IN db
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STANDARD PROPAGATION CURVES FOR EARTH-SPACE LINKS
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ATTENUATION BELOW FREE SPACE N db

ATTENUATION BELOW FREE SPACE IN db

STANDARD PROPAGATION CURVES FOR EARTH-SPACE LINKS
By=m/2
NO ALLOWANCE HAS BEEN MADE FOR GROUND REFLECTION

RAY PATH 1, IN KILOMETERS

Figure 1.26
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1.3 Preliminary Reference Values of Attenuation Relative

to Free Space, Acx_

1,3.1 Introduction

Three main elements of the problem of prediction are the intended applicattoﬁ, the
characteristica of available data, and the basis of relevant pr'obagatton models. The theoret-
ical basis of the model proposed here is simple, and its advantages and lmitations are easily
demonstrated. Preliminary comparisons with data indicate standard errors of prediction con-
siderably greater than those associated with the apecific methods deacribed in volume 1, which
are designed for particular applications, However, the method described below ia especially
useful when little is known of the details of terrain; it rnay readily be programmed for a digital
computer; and it {s adequate for most applications where a preliminary calculated reference
value Acr of attenuation relative to free space is desired. The minimum prediction param-
eters required are frequency, path distance, and effective antenna hejghts. For the other
parameters mentioned typical values are suggested for situations where accurate values are not
known,

For radio line.of-sight paths the calculated reference value Acr {8 either a '"forew

ground attentation Af or an extrapolated value of diffraction attenuation A, whichever is

d
greater. For transhorizon paths, Acr im either equal to Ad .or to a forward scatter attenua-

tion A., whichever is smaller,

I.3,2 The Terrain Roughness Factor Ah

Different types of terrain are distinguished according to the value of a terraln rough-
ness factor Ah, This is the interdecile range of terrain heights in meters above and below a
straight line fitted to the average slope of the terrain, When terrain profiles are available Ah
is obtained by plotting terrain heights above sea level, fitting a straight line by least squares
to define the average slope and obtaining a cumulative distribution of deviations of terrain heights
from the straight line,” Ordinarily Ah will increase with distance to an asymptotic value, Thia
is the value to be used in these computations,

When terrain profiles are not available estimates of Ah may be obtained from the fol-

lowing table:

TABLE 1.1
Type of Terrain Ah (meters)
Water or very smooth terrain O~1
Smooth terrain 10-20
Slightly rolling terrain 10-60
Hilly terrain 80-150
Rugged mountaina 200-500
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1. 3.3 The Diffraction Attenuation Ad

1f the earth is smooth .Ad = R is computed using the method described in section 8 of
volume 1, If the terrainis very irregular, the path is considered aa though it were two simple
knife adges: a) transmitter-first ridge-second ridge, and b) first ridge-second ridge.

recelver. The total diffraction attenuation K 1is then the sum of the losses over each knife-edge.
K=A(v,,0)+A(v,,0) (I.1)

These functions are defined by (1. 7) to (1, 12).

The main features of a transhorizon propagation path are the radie horizon obstacles,

' L of the dis-
tances st and dLr to the radio horizons of the antennas. The diffraction attenuation A d de-
pends on d, d the minimum monthly mean surface refractivity N' ». the radio fre-

the radio horizon rays and the path distance d, which is greater than the sum d

Lt' dLr'
quency f in MHz, the terrain roughness factor Ah, and the sum ee of the elevations eet and

9er of horizon rays above the horizontal at each antenna, The latter parameters may he measg-
ured, or may be calculated using (6. 15) of volume 1,

In general, the diffraction attenuation A " is a weighted average of K and R plus
an allowance Ab. for absorption and scattering by oxygen, water vapor, precipitation, and

terrain clutter:
Ad=(1-A)K+AR+Ab-. (1.2}

where A is an empirical weighting factor:

A= [1 +0.045 (%’-‘)’ (.'_ia*.f#yrl (L. 3)
4 =4 +d,  km (L4)
8=0_+d/a radians, (L 5)

2= 6370/[ 1 - 0.04665 exp (0.008577 N )] (L. 6)
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The angular distance @ i» in radians and the wavelength A is expressed in meters. The

parameter (88 +d_)/d in (I.5) is unity for a smooth earth, where Ah/A is smalland Axl,

)
L
For very irregular terrain, both Ah/A and (a0 + dL)/d tend to be large so that A=0.

The following set of formulas used to calculate K and R are consistent with sectione

7 and 8, volume 1.

=1,2 d= - '
1.2 915 e[f d“'r (d dl.“(d dL + st. r)]* n
6.0249.11v - 1,27% <
A(v,0) = { v voforO<v=24 (1.8)
12,953 + 20 log v for v>2.4
R =G (x)) - F (x)) = F {x,) =C (K ) (1.9)
X % By dper %7 By dppr %" Bog Dyt X1t % (L.10)
1 .
B =5c?B, B =8¢ B, B ==ffc'2 B
01 o1 1 o) 0z 2 [-1] o8 8
C. = (8497/a )* C., = (8497/a )* C_ = (B497/a )% (1. 11)
01 1 0z 2 os . *
a =al j2n ) a, =d /2n =D /0 (1.12)
=9 /2By, =9, /2h ) 8, 5 .

If the path distance d 1is less than d3 a8 glven by (1,13), it is advisable to calculate
Ad for larger distances d3 and d4 and to extrapolate i_ltrnlght line through the points
(Ad;' d) and (Ad‘, d‘) back to the desired value (A, d), The following is suggested for d3

3
and d,

4

e d 2,03 - 2,3
dy=d +0.5(a"/9%km, d =d,+(a"/0 km (1.13)

I.3.4 The Forward Scatter Attenuation, AB
The scatter attenuation A! for a transhorizon path depends on the parameters d, Ng,

f, ee, hte' hre and Ab’. If the product 6d of the angular distance 0 and the distance d {is



greater than 0.5, the forward scatter attenuation A. {8 ¢alculated for comparison with A

S+ 103.440.33298d - 10log(0d) for 0.5< 6d = 10

A= is+ 97.140.212 0d - 2.5 log (8d) for 10 = 8d s 70 (1. 14)
S+ 86,8+ 0,157 8d + 5 log(ed) for 6d 270
4
S = H°+ 10 log (f08°) - 0.1 (Nu - 301) exp(-84/40) + Abs (1. 15)

1 _
H -[rfh—-—]/{ef |0.007 - 0.058 e|] or

[+]
te: re

H =15 db, whichever is smaller.
) (I.16)

The reference attenuation Acr = A.. if .A° < Ad.
1.3.5 Radio Line:of-Sight Paths
For line.of-sight paths the attenuation relative to free space incréases abruptly as d
approaches dl..' 80 an estimate of dL is required in ordeér to obtain Acx' For sufficiently

high antennas, or a sufficlently smooth earth, (see [1.18]), d and d are expected to

Lt Lr
equal the smooth earth values dLit and dLar:
« NOTO0T A" NETOOT SR 117
4; .t 00&a’h, km, d, ~=n0.0023h  km (L.17)

where a iws the effective earth's radius in kilometers and hte' hre are heights in meters
above a single reflecting plane which is assurned to represent the dominant effact of the terrain
between the antennag or between each antenna and its radlo horizor. The effective reflecting
plane is usually determined by inspection of the portion of terrain which is visible to both an-
tennas,

For a "typical" or "median' path and a given type of terrain d ¢ and dLr may be es-

L
timated as

d =d;  [1£0.9 exp(-1.5 vﬁuj B] km (1. 18a)

dLr=dL”[ltO.9 exp(-1,5 \IE:':I""H] km, (1. 18b)

If for a median path an antenna is located on a hiiltop, the plus sign in the corremponding square
bracket in (I, 18a) or (1. 18b) is used, and if the antenna is behind a hill, the minus sign is used,
i dL = dL

and (I, 18b) are each increased by the ratio (d/dL) s0 that dL =d.

¢ + dLr is less than a known line-of-sight path digtance d, the estimates (I, 18a)
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For example, in a broadcasting situation with hte.: 150 meters, hre = 10 meters, and

LE 0.97 dLst and dl_r =0,63 dLsr'

For small grazing angles, (5.6) and (5.9) of volume 1 may be combined to describe

Ah = 50 meters, (I, 18) using minus signs indicates that d

line-of-sight propagation over a perfectly-conducting smooth plane earth;

3
A = 20 log [M.’ db

ir h h (1.19)
te re

where d is in kilometers and hte' h". and the rn§io wavelength A are in meters. This
formula is not applicable for small values of )\d/(hte hre) + where the median value of A is ex-
pected to be zero, It is proposed therefore to add unity to the argument of the logarithm in (I.19).
The expression (I, 19) {s moat useful when d is }arge and nearly eqv.:al to dL' Better
agreerment with data is obtained if d is replaced by dL and the constant 107/(4w) is replaced
by Ah/\, the terrain roughness factor expressed in wavelengths, Accordingly, the foreground

attenuation factor Af can be written as
.Af = 20 log [l + dL Ah/(hte hre)_l + Abs db. (1. 20)

The absorption A defined following (I.2) i{s discussed in sections 3 and 5 of volume 1., For

ba
frequencies less than 10,000 MHz the major component of A, . is usually due to terrain clutter
such ans vegetation, buildings, bridges, and power lines,

For distances small enough so that Af is greater than the diffraction attenuation ex-
trapolated into the line-of-sight reglon, the calculated attenuation relative to free space ACr
is given by (1. 20) and depends only on hte' h“, Ah, Ab. and an estimate of dL . For long
Mne-of-sight paths, the foreground attenuation given by (I, 20) is leas than the extrapolated dif.
fraction attenuation A , s0o A = A,

: d cr d
If 4 ,d _, and 8  are known, these values are umsed to calculate A,. Otherwise,
1.t Lr e i d

(I, 18) may be used to estimate d ¢ and dLr' and Be is calculated as the sum of a weighted

L
average of estimates of 8, and e" for smooth and rough earth. For a smooth earth,

eet. ’ = =0.002 hte, re/st, r radians,

and for extremely irregular terrain it has bee¢n found that median values are nearly

_ 3
eet, . (Ah/z)/(st' . 107) radianes.

a -
Using dy, /d}  , and (1 9t /.

. ) ‘respectively as weights, the following
. > T
formula is puggested for estimating eet r when this parameter is unknown:
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than d3 .

d
8, . * g-°°°5 K Lettr  \Nan.4 b, "] radians (1. 21a)
T Lt r Ny r nre
6, ,=6,+0 or @ =- dL/a, whichever is larger algebraically, (1. 21b)

As explained following (I.12), the formulas for A, require a path distance d greater

For a line-of-sight path d is always less than d_, so A, ie calculated for the

L 4

distances d3 and d, given by (1.13) and a straight line through the points (A3. d3) and (A4. d4)

4

is extrapolated back to the desired value (A,d), This straight line has the formula

where

Agj=A_+Md db (1. 22)
M= (Ad‘ - Ad;)/(d4 - d’) db/km (1.23)
Ay=A, -Md db. (1. 24)

The straight line given by (L. 22) intersects the level A, where the path distance is

dft (Ai'Ae)/M km. (I, 25)
For d= d‘, Acr = AI' (1. 26a)
For d>d,, A = A (1. 26b)

f cr d*

1.3,6 Ranges of the Prediction Parameters

These estimates of Acx are intended for the following ranges of the basic parameters:

TABLE 1.2
20 = {5 40,000 MHs 1% ds 2000 km
M2sh_ 510,000 m 250 = N_ < 400
-dL/ns OesO.Z radians OsAb.s 50 db .
0.1d , sd s34 0.1d , sd =34

0% Ah = 500 m
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Table 1.1, Valn_el for the following independent parameters aré assumed; h‘;e = 150 m, hr
10 m, Ah= 50 m, N.= 301, £= 700 MH=z .

1.3.7 Sample Calculstions

Table 1, 3 lists & set of sample calculations referring to the example introduced after

4

t=49'0 km, d

L

=8,2km, 8 = -0,00634
r e

radians, A.b' =0db, An appropriate equation number {s lsted in parentheses after each of
the calculated parameters in Table I.3. For Teu calculations the arbitrary distance d3 was
set equal to 4, + 1 instead of d, + 0. 3(az/1')’
TABLE L 3
dL = 57.2 km (I.4) a2 = 8493 km (1.6)
Ab/N = 116,8 Af= 9.3db (I.20)
638 58.2 km d4- 105.1 km (1.13)
8, = 0,000514 rad. 6, = 0.00603 rad. (1. 5)
v3=0.096 vy ® 1.95 (L.7
v”-0.0I'M Vie® 1,014 (1.8)
v23=0.0166 Vas = 0, 546 (1.8)
v393=0.10 4 p4'-_‘-‘.1.87 (1.9)
Py® 1,04 p4=0.96 (1.9)
Alv,0)=6.9db Alv,0)=18.9db (1. 10)
A(vu. 0) = 6.24db A(v“, 0) = 14.0 db (1. 10)
A(vza, 0)=6.24db A(v24’ 0) = 10,6 dp (1. 10)
A (0, p3) = 16.0 db A (0, p4) = 14,7 db (1. 11)
U(va.p3)=-.9 db U(v‘.p“)! 14,7 db (1. 12)
K3 = 12,4 4db K4 = 24,6 db (1. 6)
R3= 18.1dB R‘B 55,3 db (1. 5)
ag, +d 20, +d
Sd L = 1,058 44 =1.032
3 4
A3= 0.667 A4=0.669 (I. 3b)
A‘d: =29,5db Ad. = 58,5db (I. 3a)
cl3 63-0.02_99 t:l.1 94=0.634
HO‘I =3,8dp (1.16)
S4=-56.5db (1.185)
AS4 = 49.1 .db_ (1. 14)
A = 29,5 db A = 49,1 db
crs crs :

For this exemple, M = 0,619 db/km, A =- 6.49 db, and df = 25.5 km. The corresponding

basic tranamission loss L and fleld strength Ebcr for distances less than clf are 98.65 +

ber
20 log d db and 97.62 - 20 log 4 db, respectively, corresponding to a constant value Acr =

Af =9,3db. In general:
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Lbcr = 32,45+ 20 logd+ 20 log f + Acr db (1.27)

Ebcr = 106.92 - 20 log d « Acr -db (1.28)
For the example given above, L = 154,2 db, L

bers ber
E =2 17,4 db.
bery )

. = 178.9 db, E . = 42,1 db, and

ber
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Annex II
AVAILABLE POWER, FIELD STRENGTH AND MULTIPATH CQUPLING LOSS

II,1 Available Power from the Receiving Antenna

The definitions of system loss and transmission loss in volume 1 depend on the concept
of available power, the power that would be delivered to the receiving antenna load if its
impedance were conjugately matched to the recéiving antenpna impedance, For a given radio
v z; , and z, represent the impedances c_:f the load, the
actual lossy antenna in its actual environment, and an equivalent loss-free antenna, reg-

frequency v . in hertz, let =z

pectively:
2, T Ty + ix"- (11. 1a)
z! =r' +ix' (II. 1b)
v v v
z, =rv+ixv (IL. l¢)

where r and x represent resistance and reactance, respectively. Let Wy, Tep-

resent the power delivered to the receiving anteina }oad and write yv;v and A respectively,
for the available power at the terminals of the actual receiving antenna and at the terminals

of the equivalent loss~free rece_iving antenna, If v'v‘ is the actual opén-circuit r.m,s,

voltage at the antenna terminale, then

v'zr
v oAy
Wy = . (11. 2)
lz‘ + z |
v 4%

*
When the load impedance conjugately matches the antenna impedance, 8o that z,, = z'v or

o pt P—— ' : :
T ST and x‘v X (II. 2) shows that the power /¥ delivered to the load is equal to

the power w’av available from the actual antenna:

w o= e—_— (II..3)

Note that the available power from an antenna depends only upon the characteristics of the

antenna, its open-cilrcuit veltage v‘v, and the resistance’ r'v , and is independent of the load



impedance, Comparing (IL 2) and (II, 3), we define a mismatch loss factor

w'v (r;,-r r")z-f(x'v-f x‘v)z
t., = L (IX. 4)
¥ 4r

r
v v

guch that the power delivered to a load equals w'av/‘mv . When the load impedance conju-
gately matches the antenna impedance, !mv has its minimum value of unity, and Wiy =

w:"- For any other load impedance, somewhat less than the available power is delivered to

the 10ad. The power available from the equivalent loss-free antenna is
Y

Wy = 4_1'-., (11. 5)

where v, is the open circuit voltage for the equivalent loss-free antenna,
Comparing (II, 3) and (II, 5), it should be noted that the available power w'av at the
terminals of the actual lossy receiving antenna is less than the available power w_ =10 _ w'

. av erv av
for a 168s8~free antenna at the same location as the actual antenna:

w ! vz
av VoV
lerv = V,B =1, (1. 6)
av r

The open circuit voltage v.v for the actual lossy antenna will often be the same as the open
circuit voltage v for the equivalent loss-free antenna, but each receiving antenna circuit
must be considered individually,

Similarly, for the transmitting antenna, the ratio of the total power wév delivered to

the antenna at a frequency v is !“V times the total power w radiated at the fraquency v:

tv

i )

.letv th/ W, (1. 7

The concept of available power from a transmitter is not a useful one, and 1 'tv for the trans-
c

mitting antenna is best defined ag the above ratio, However, the magnitude of this ratio can

be obtained by calculation or measurément by treating the transmitting antenna as a"réceiving

antenna and then determining Iet to be the ratio of the available received powers from the

v
equivalent 1oss-free and the actual antennas, respectively,
General discussions of lerv are given by Crichlow et al.[ 1955] and in a report pre-

pared under CCIR Resolution No, 1 [ Geneva 1963c]. The loss factor lnv was successfully
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determined in one case by measuring the power wtv

mitting antenna and calculating the transmission loss between the target transmitting antenna

radiated from a loss-free target trana-

and the receiving antenna. There appears to be no way of directly measuring either l"V or

’etv without calculating some quantity such as the radiation resistance or the transmission
loss. In the case of reception with a unidirectional rhombic terminated in its characteristic
impedance, " ‘erv could theoretically be greater than 2 [Hai-per, 1941], since nearly half.
the received power is dissipated in the terminating impedance and some is dissipated in the
ground, Measurements were made by Christiansen [ 1947] on single and multiple wire units
and arrayg of rhombics, The ratio of power lost in the termination to the input power varied
with frequency and was typically less than 3 dl.:.

For the frequency band ‘v‘ to Ym it is convenient to define the effective loss fac~

tors L and L . a»s follows:
er et '

m .
S {d w“/dv) dv
v,
I..“ = 10 log . db (IL. 8)

v
m
Sv (dw;v/dv) dv
1
¥
m
S' {d w;vldv) dv

Yy

Let = 10 log - db (Ir. o

v
S M W, /dv) dv
“s

The limits Y and A the integrals (I1.8) and (II.9) are chosen to include es-

sentially all of the wanted signal modulation eide bands, but Y

large and L sufficiently small to exclude iny appreciable harmonic or other unwanted radia-

is chosen to be sufficiently

tion emanating from the wanted signal transmitting antenna,



1i,2 Propagation Loss and Field Strength
This subsection defines terms that are most useful at radio frequencies lower than

those where tropospheric propagation effects are dominant,
Repeating the definitions of r .and r' used in subsection I, )}, and introducing the new

parameter rf:

rt. . antenna radiation resistance,
r;' .= resistance component of antenna input impedance,

rﬁ. T antenna radiation resistance in free space,
where subscripts t and r refer to the transmitting antenna and receiving antenna, respec-

tively, Next define

L, ® 10 log (#1f7), L, =10log (xl/x ) (11. 10)
L, = 10dog (ri/zp), Ly =10 log (e /x) (I1. 1 1)
L, =10log(r /r )L, - L (11. 12)
Lee ® 10 log (rr/rfr) ® L - Ler (1. 13)

[ Actually, (LL.8) and (I1.9) define Let cand Ler while (II. 10) defined r and ) glven r;
and .r;_].

Propagation loss first defined by Wait [1959] ia defined by the CCIR
[1963a] as
. L

mL-Lr-L db ., (11. 14)

f t re

L_ =L -L
P [ ir

Basic propagation loss is

L =L +G ,
pb p P (I, 15)
Basic propagation loss in free space is the sgame as the basic transmission 10ss in free space,
L defined by (I1. 74).

The system loss L’ defined by (2,1) is a measurable quantity, while transmission loss

bf*

1., pathloss Lo' bagic transmission loas Lb, attenuation relative to free apace A, propa-
gation loss Lp' and the field strength E are derived quantitiai, which in geperal réquire a

theoretical calculation of Le and/or L as well ag a theor'eti_cal estimate of the 1oss

t, er ft, fr

in path antenna gain Lgp'



The following paragraphs explain why the concepts of effective power, and an
equivalent plane wave field strength are not recommended for reporting propagation
data,

A half-wave antenna radlating a total of wt watts produces a free space fleld

intensity equal to
- 2 2
8, % 1.64 wt/ (4wr”) watts/km (11, 16)

at a distance r kilometers in its equatorial plane, where the directive gain is equal to its
maximum value I, 64, or 2,15 db, The field is linearly polarized in the direction of the
antenna, In general, the field intensity ’p at a point T in free space and assoclated with

the principal polarization for an antenna is
et ) . 2 2
sp(r) = wtgp(r)/(tlwr } watte/ km (II. 17)

a8 explained in a later subsection, In (II.17), T=rf and gp(i-‘) ie the principal polarization
directive gain in the direction r. A similar relation holds for the field intensity sc(r) aBw-
soclated with the cross-polarized component of the field.

Effective radiated power is associated with a prescribed polarization for a test antenna
and is determined by cgmparlng s, as calculated using a field intensity meter or standard

signal source with !p as meagured using the test antenna:
Effective Radiated Power =.Wt + 10 log(sp/lo) = Wt + Gpt(i’l) - 2.15 dbw (II. 18)

where Gpt(Fl) is the principal polar.i.zatiora directive gain relative to a half-wave dipole in the

direction T, towards the receiving antenna in free space, and in gencral is the initial direction

1
of the most important propagation path to the recelver,

These difficulties in definition, together with those which sometimes arise in attempting
to separate characterlu.tica of an antenna from those of its environment, make the effective
radiated power an inie}'ior p.a:.ramgter._ comparegi with the total radiated power Wt. which
can be more readily measured, The following equation, with Wt determined from (II, 18),
may be uged to convert reported values of Effective Radiated Power to estimates of the trans-

mitter power“output w " w};éq tranamission line and mismatch losses _L“ and the power

radiation efficiency 1/4 et ate known:

Wy

= t = ’
T w:+ L wt + Let + L dbw (I1. 19)

1t 1t

The electromagnetic field is a complex vector function in space and time, and informa-
tion about amplitude, polarization, and phase is req&ired to dqacribe it. . A real antenna rew-
spondg to the total field surrounding it, rather thap to E, which conespopds to thg T, m, §.
amplitude of the uédz;l "equivalent! electromagnetic field, defined at a siﬁgle point and for a

specified polarization,



Consider the power averaged over each half cycle as the "instantaneous' available

signal power, w
2
w_=v [R watts
k.4 v

where v is the r.m.s. signal voltage and R ia the real part of the impedance of the re~

celving antenna, expressed in ohma. The signal power w available from an actual receiving

antenna is a directly measurable quantity.
The field strength and power flux density, on the other hand, cannot be meagured di-
rectly, and both depend on the environment, In certain idealized lthlonn the relationship

of field strength e, and power flux density, s, to the available power may be expressed as
8= ezlz = wwhr/(gkz') wattl/mz

where e is the r.m.s,. electric field strength in volts/m, = is the impedance in free space

in ohms, M\ ims the free space wavelength in meters and g is the maximum gain of the re-

cefving antenna.
The common practice of carefully calibrating a field strength measuring system in an

idealized environment and then using it in some other environment may lead to appreciable

errors, especially when high gain receiving antennas are used.
For converting reported values of E in dbu to estimates of W % °F estimates of

the available power Wn_ at the input to a receiver, the following relationships may be use.

ful:
Wy =B+, + Ly -G + Ly - 20logf - 107.22 dbw (11. 20}
W, =E- L!r - Ly #G - Lo - 20 logf - 107.22 dbw (1. 21)
Wy =W -L. =W -L_-L_ dbw (1. 22)

In terms of reported values offield strength E w in dbu per kilowatt of effective
1
radiated power, estimates of the systeim loss, La' basic propagation loss Lpb' or basgic

transmission lose I“b may be 'derived from the following equations,

~
L, =139.37+ L, +L, -G +G -G (7)) +20logf -E, b (11. 23)
Ly = 13937 <L 4+ G = G (7)) +201ogf - E,,  db (I1. 24)
L, =139.37 L +G - G (¥} +20logf - E db (11. 28)

provided that estimates are available for all of the terms in these equations,



For an antenna whose radiation resistance is unaffected by the proximity of its en-
virgnmeng, Lrt = L" = 0 db, 'L“ = Let'. and Lfr
tant for frequencies less than 30 MHz with antenna heights commonly used, it is often as-

surmned-that L =L =3.01db, L_ =L +3.0ldb, and L_ =L + 3,01 db, corresponding
rt rr ft et fr er

to the assumption of short vertical electric dipoles above a perfectly-conducting infinite plane.

= L". In other cases, especially impor-

At low and very low frequencies, Let' Ler' Lft’ -and Lﬁ_ may be very large. Propagation
curves at HF and lower frequencies may be given in terms of LP or .Lpb so that it is not

necegsary to specify Lat and L“.

Naturally, it is better to measure L, directly than to caleulate it using (11.23}% It
may be seen that the careful definition of Ls. Lp. . L, or Lo is simpler and more direct
than the definition of . I..b. Lpb' A, or E, .

The equivalent free-space field strength Eo in dbu for one kilowatt of effective
radiated power is obtained by subatituting Wu = Wt = Effective Radiated Power = 30 dbw,
Gpt(r1)=Gt=Z' 154db, L“=Lﬁ=0 db, and Lpb= L, in (I1.18) - (IL, 20), where L, is glven by (2. 16):

E_ = 106.92 - 20 lagd  dbu/kw (1. 26)

where r in (2.16) has been replaced by d in (II. 26). Thus e, is 222 millivolts

per meter at one kilometer or 138 millivolts per meter at one mile, In free space, the

"equivalent inverse distance field ai_:rength". EI’ is the Bame as Eo' If the antenna radia-

tion resistances L and r. are equal to the free space radiation resistances Yoo and
et then (II.25) provides the following relationship between El lew and I..b with

Gpt(rl) = Gt:

Eka # 139,37 + 20 logf - Lb dbu/kw (1Ir. 27
Consider a short vertical electric dipole above a perfectly-conducting infinite plane, with an
effective radiated power = 30 dibw, Gt = 1,76 db, and er = 3,01cdb,. From (II.18) Wt = 30,39
dbwy since G t(i-‘l) = 1,7¢ db, Then from (II.26) the etjuivalent inverse distance field is

P

E.=E +L _+L__=109.54 - 20 logd . dbu/kw (11, 28)
1 o rt rr _

corresponding to e = 300 mv/m at one kilorneter, or er = 186.4 mv/m at one mile. In

I
this situation, the relationship between E;kw and Lb is given by (II. 25) as

s 142. -
Eew ® 2.38+4 20 logf - L, dbu/kw, (. 29)
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The foregoing suggests the following general expressions for the equivaient free space field
strength Eo and the equivalent inversge distance field E_:

I
E =W -L+G)-20logd+7477 dbu (IL. 30)
E =B +L +L_ dbu (11. 31)

Note that Lrt in (II. 30) is not zero unless the radiation resistance of the transmitting
antenna in its actual environment is equal to its free space radiation resistance. The defi-
nition of. “attenuation relative to free space' given by (2. 20) as the basic transmission
loss relative to that in free space, may be restated as

A=I“b'Lb£=L'Lf=EI-E db (11. 32)

Alternatively, attenuation relative to free space, At' might have been defined (as it some-

times is) as basic propagationloss relative to that in free space:

At=Lpb-Lbf=A-Lrt-er=Eo-E db (I1. 33)
For frequencies and antenna heights where these definitions differ by as much as 6

db, caution should be used in reporting data, For most paths using frequencies above
50 MHz, Lrt + Ln_ is negligible, but caution should again be used if the loss in path

antenna gain L is not negligible. It is then important not to confuse the "equivalent!!

free space loss Lf given by (2. 19) with the loss in free space given by (2.18).



1I.3 MULTIPATH COUPLING LOSS
Ordinarily, to minimize the transmission loss betwéen two antennas, they are oriented

to take advantage of maximum directive gains (directivity) and the polarizations are matched,
This maximizes the path antenna gain. With a single uniform plane wave incident upon a re-
ceiving antenna,. there will be a reduction in the power transferred if the antenna beam ie not
oriented for maximum free space gain, If the polarization of the receiving antenna is mafched
t-o that of the incident wave, this loss in path antenna gain is due to Morientation coupling less",.
and if‘there is a polarization mismatch, there will be an additional "'polarization coupling loss",
In general, more than one plane wave will be incident upon a receiving antenna from a single
source because of reflection, diffraction, or scattering by terrain or atmospheric inhomoge-
neities, Mismatch between the relative phases of theﬁe‘ wav_eé and the relative phases of the
receiving antenna response in different directions will contribute to a "multipath coupling logs"
which will include orientation, polarization, and phase mismatch effects., If multipath propa-
gation involves non-uniform waves whosae ampli.tudes,' polarizations, and phases can only be .
described statistically, the corresponding loss in path antenna gain will include "antenna-to-

medium coupling loss', a statistical average of phase incoherence effects,

This part of the annex indicates how multipath coupling loss may be calculated when in-
cldent waves are plane and uniform with known phases, and when the directivity, polarization,
and phase response of the recelving antenna are known for every direction. It is assumed that
the radiation resistance of the recelving antenna is \maffectéd by its environment, and that the
electric and magnetic fleld vectora of every incident wave are perpendicular to each other and -

perpendicular to the direction of propagation,

II, 3.1 Representation of Complex Vector Fields

Studying the response of 4 receiving antenna to coherently phased plane waves with
several different directions of arrival, it is convenient to locate the receiving antenna at the
center of a coordinate system. A radio ray traveling a distance r from a transmitter to Ithe.
receiver may be refracted or reflected so that its initial and final dircctions are -diffe-rent,

If -f is the direction of. propagation at the receiver, T = fr is the vector distance from the
receiver to the transmitter if the ray pathis a straight line, but not otherwise.

A paper by Kales [1951] shows how the.amplitude, phase, and polarization of a uniform,
monochromatic, elliptically polarized and locally plane wave may be expressed with the aid
of complex vectors, For instance, such a wave may be expressed as the real part ofvthe sum
of two linearly polarized complex plane waves \/”Z?r exp(iT) and iﬁ:iexp(i"r). These
components are in time phase quadrature and travel in the same direction ~-f, where iz =1
and _e-r and _e-.1 are real vectors perpendicular to ¥, 3The vector 7:.1_ + ije-i is then a complex
vector. Field strengths are denoted in volts/km (107 microvolts per meter} and field inten.
sities in wa,ttm/kmZ (10'3

milliwatts per square meter), since all lengths are in kilometers.
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The time-varying phase
T =klct - 1) (IL. 34)

is a function of the free-space wavelength A, the propagation constant k = 2n/\, the free-
space velocity of radio waves ¢ = 299792,5 x 0,3 km/sec, the time t at the radio source,
and the length of a radio ray between the receiver and the source.

Figure II-1 illustrates three sets of coordinates which are useful in studying the phase
and polarization characteristics associated with the radiation pattern or response pattern of
an aﬁtenna. Let r="Ffr represent the vector distance between the antenna and a distant point,
specified either in terms of a right-bhanded cartesian unit vector coordinate system ﬁo. ﬁl.

?.2 or in terms of polar coordinates r, 8, ¢:

- N 2 2 2 2

r=Ffr =ﬁox0+ﬁxxl+x2x2, T =X +:t'.l tx, (IL, 35a)

X, = T cos 9, X =r 8in @ cos ¢, X, =r 3in @ sin¢ {11, 35b)
£ = (0,0 = ﬁo.cos 8+ (% cos ¢ + %, 5in¢) sind, (11, 35¢)

As a general rule, either of two antennas separated by a distance r is in the far field or
radiation field of the other antenna if r > ZDZI);, where D is the largest linear dimension

of either antenna,
to each other and to £, is often calculated or measured to correspond to the right-handed -

The amplitude and polarization of electric field vectors and -;¢' perpendicular

cartesian unit vector coordinate system ¥, 89, $.¢ illustrated in figure II-1, The unit vector

~

& is perpendicular to ¥ and ﬁo' and &, is perpendicular to &, and £, In terms of vector

¢ 0 ¢
cross-products:
é“‘> =(f x ﬁo)lsine = :'il sin¢ = ﬁz cos ¢ {11. 36a)
é‘e = S¢ x F= (SED ~ Fecos8)/sin0, (L. 36b)

The directive gaim g, a scalar, may be expressed as the sum of directive gains ge and

g‘i’ associated with polarization components '_e'e = Eeee and "é:t 2 3¢e¢. where the coeffi.
cients ey and e¢ are expressed in volts /km: '
BByt (11. 37)

Subscripts t and r are used to refer to the gains g, and g, of transmitting and receiving

: : L . . 2
antennas, while g is the ratic of the available méan power flux density and e /qo, where

=10



e, as defined by (I, 38) is the free space ficld strength at a distance r in kilometers from

an isotropic antenna radiating w,  watts
. .
e, = [ﬂawt /(4”2)]/; volts fkm , (1L. 38)

-7
Here, 0, = 4nc. 10 = 376.7304 + 0,0004 ohma is the characteristic impedance of free
space. The maximum amplitudes of the € and ¢ components of a radiated or incident field
are I-_é.el N2 and I:-.;l NZ , where

Va

Y, ;a volts /km , (1. 39)

Tl ce = % e lze =
Ieel =eq = e gg volts/km, |e¢|.-—e¢-e°g
If phases o and 1'¢ are associated with the electric field componénts ?9 and _e.¢. which

are in phase quadrature in space but not necessarily in time, the total complex wave at any

point T is
NT (€, +i¢)) exp(i7) = VT [ expli 7o) +"é‘¢ expli 7,)] exp(i), (I1. 40)

From this expression and a knowledge of Iy T
8,0, 9,9

components ?r and :i, which are in phase quadrature in time but not neces sarily in space:

» Wé may determine the real and imaginafy

— — -
v % eecosTe+e¢coa'r¢ (II.41a)

o
L
o
L]
"

eissiei=eesmfa+e¢5m1¢. {II. 41b)

The next section of this annex introduces components of this wave which are in phase quadrature

in both time and space,
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II,3.2 Principal and Cross-Polarization Components
Principal and cross-polarization components of an incident complex wave
NZ (e +ie)exp(iT) may be defined in terms of a time-independent phase . which is a
r 1

function of T [Kaleé, 1951]. If we write

a_r+1ei=(el+1e2)axp(11i) {11, 42)

and solve for the redl and imaginary components of the complex vector ?1 + i_e-z, we find that

e Eele1 =erC°5Ti+eismTi (II.43a)
e, ,ezez =e cosT - e.sinT. (IL. 43b)

Whichever of these vectors has the greater magnitude is the principal polarization component

— H " a—
ep' and the other is the orthogonal cross-polarization component ec:

2 2. 2 2 .2 - . ,
el =e_cos T + e, sin Ti_+ e ce sm(z-ri) (1I. 44a)
2 2 .2 2 2 - -
= + - . .
e, se. sin T, te cos T e e sin(Z'ri). (L. 44b)

The phase angle A is d'e;errhined from the condition that —e-l -:2 = 0:

ta.n(ZTi) = Zer . ei/(er - ei ) {II. 45)

Any incident plane wave, traveling in a direction -f is then represented as the real

part of the complex wave given by

NZT eexp[ilT + T = \/‘Z‘(“e'p + i”e’c)exp[i(-r +1)]. (11. 46)

~

The principal and cross-polarization directions ep and é‘c are chosen so that their vector

product is a unit vector in the direction of propagation;

8 8 =-fa .
.px (11, 47)
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A bar is used under the symbol for thé complex vector —En—e.p + i_;c in (II, 46) to distinguish
— - —

it from real vectors such as :9' e¢, e e e , and .;c‘ The absolute values of the vector

coeificients ep and e may be found using (II,44).
As the time t at the transmitter or the time T at the receiver increases, the real

vector component of (II, 46), or “polarization vector",
— - — .
NZ [epcos(‘r *T)-e, gin(7 + 7]

describes an ellipse in the plane of the orthogonal unit vectors Sp =_e:'..'l:,lep and sc =?clec'
Looking in the direction of propagation -r{0,¢) with ep and e, both positive or both negative,
we see a clockwise rotation of the polarization vector as T increases,

Right-handed polarization is defined by the IRE or IEEE and in CGIR Report 321 [ 1963m] to
correspond to a clockwise rotation of a polarization ellipse, looking in the directibn of prop-
agation with r fixed and t or T increasing, This is opposite to the definition used in classical
physics,

The Yaxial ratio" ec/eP of the polarization ellipse of an incident plane wave

JT:a:exp[i(T + -ro)] is denoted here ag
a = e:c/ep {11, 48)

and may be either positive or negative depending on whether the polarization of the incident

wave is right-handed or left-handed. The range of possible values for a is -1 to +1,
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If. 3,3 Unit Complex Polarization Yectors
I the receiving antenna were a point source of radio waves, it would produce a plane
wave 'JTEr exp[i{7 + 'rr)] at a point T in free space, The réceiving pattexn of such an
antenna as it responds to an incident plane wave \ITEexp[i('r + Tr)] traveling in the opposite
direction -f is proportional to the complex conjugate of Er exp (i 'rr) [S. A. Schelkunoff and
H. T, Friis, 1952}

['E’r exp(it )]* = (:pr - i'é'cr)exp(-i'rr) . (1. 49)

The axdal ratio ecrlepr of the type of wave that would be radiated by a receiving antenna

is defined for propagation in the direction £. An incident plane wave, however, is propagating
in the direction -£, and by definition the sense of polarization of an antenna ﬁéed for reception
is opposite to the sense of polarization when thé antenna is used as a radiator. The polarization
associated with a receiving pattern is right-handed or left-handed depénding on whether a

is positive or negative, where

axr = -aqr[epr, ecr = ~epr axr. (1L, 50)
The amplitudes leprl and Iecxl of the principal and cross-polarization field components
:pr and _;cr are proportional to the square roots of principal and cross-polarization directive
gains gpr and Bop! respectively, It is convenient to define a unit complex polarization
vector -Er which contains all the information about the polarization résponse associated with

‘8 receiving pattern;
. ) 2 -4
Er = (Spr + 18“ axr)(l + axr) (n. 51)
LR FS S (IL. 52)

The directions spr and scr are chosen so that

S L (11, 53)

In a similar fashion, the axial ratio a, defined by (]I, 48) and the orientations € andé
: ’ P
of the principal and cross-polarization axes of the polarizdtion ellipse completely describe
the state of polarization of an incident wave V‘Z’Eexp[i('r + 'r‘)] » and ite direction of propa-

gation -% = ep X e . The unit complex polarization vector for the incident wave is



E:E/IEI=(8p+i€cax)(lfa:)'l/‘. (1. 54)

The magnitude of a complex vector E'-'-;p + i-;c is the square root of_‘the product of e and

its complex conjugate ?p - i_e’c:

IT] =& %% - (e: el volts km. (IL. 55)
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I11.3.4 Power Flux Densities

The coefficients ep and e, of the unit vectors Gé and é‘c are chosen to be r.m, s,

values of field strength, expressed in volts fkm, and the mean power flux densities ap and
s, associated with these components are

2 2 2 2
sp = ep Iqo watts /km', s, =e. I'qo watts [k, {11, 56)

The corresponding principal and ¢ross-polarization directive gains gp and g, ‘are

(1I, 57)

where W, is the total power radiated from the trangmitting antenna. This is the same rela~
tion as that expressed by (II, 39) between the gains Bg* g*, and the orthogonal polarization
e. and e .

6 é

The total mean power flux density s at any point whete :_t; is known to be in the radi-

components

ation field of the transmitting antenna and any reradiating sources is
—- 2 2 2 2
s-l_g_l /no-geolqo-sp+sc-(ep+ec)/q°
2 F 2 2 2
= (er + e, )Iqo -_(e9 + eq’)/no watts /km (11. 58a)
=g + =g+ =4 rzs/ =8 /ez {11. 58%)
E-SP B, “Bg T By =AM P, =8n,/e, -

where e is given by (II.38), The power flux density s is proportional to the transmitting
antenna gain 8 but in general g is pot equal to g, as there may be a fraction ap of

energy absorbed along a ray path or scattered out of the path. We therefore write

N 2, 2
g=g lra )=a g (1+a ) =a,g. (1L. 59)

The path absorption factor ap can also be useful in approximating propagation mechanisams
which are more readily described as a sum of modes than by using geometric optics, For
instance, in the case of tropospheric ducting a single dominant TEM mode may correspond
theoretically to an infinite number of ray patha, and yet be satiafactorily approximated by

a single great-circle ray path if ap is appropriately definéd. In such a case, ap will

occasionally be greater than unity rather than less,
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Orienting a receiving dipole for maximum reception to deétermine Bp and for minimum
reception to determine S. will also determine §p and Sc:* except in the case of circular polar-
ization, where the direction of & in the plane normal to r is arbitrary. In the general
case where Iaxl <1, either of two opposite directions along the line of principal polarization
is equally suitable for SP.

Reception with a dipole will not show the sense of polarizatiom Right-handed and left-
handed circularly polarized i'eceiving antennas will in theory furnish this information, since
E may also be written to correspond to the difference of right-handed and left-handed circu-

larly polarized waves which are in phase quadrature in time and space:

- e + ec
e=(3 t+id) > . (I1. 60)
=(e_+e N2 tts flm I 61
sr.- ep €. no) watts/ (11, 61a)
2,, 2
s, =(«ep - e ) /(2n ) watts/km {1L. 611b)

so the sense of polarization may be determined by whether sr/ﬁ‘ is greater than or less than

unity. The flux densities 5. and s, are equal only for linear polarization, where e = 0.
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11, 3,5 Polarization Efficiency
The polarization efficiency for a transfer of cnergy from a single plane wave to the
terminals of a receiving antenna at a given radio frequency may be expredsed as a function of
the unit complex polarization vectors defined by (II,51) and (IL.54) and the angle q:p between
principal polarization directiona associated with E and Er. '_I'h’.lu polarization efficiency is

2 2 .2 2
cos ¢ (a_ a +1) +s8in"y (a_+a_ )
|ﬁ_.|2= p' X Xr p'ox xr {11, 62)
Ex 2 e (@l +1
(ax ) axr )
where
ep- epr = -Sc- Scr = €08 \‘Jp, SP- scr = epr- éc = Binl‘JP. (II.63)

Asg noted in section 2 following (2.11), any receiving antenna is completely "blind"
to an incormning plane wave 'J'Z'Eexp[i(‘r + Ti)] which has a sense of polarization opposite
to that of the receiving antenna if the eccentricities of the polarization ellipses are the same
“axl = ‘axr|) and if the principal polarization direction & of the incident wave is perpen-
dicular to & . In such a case, cos tbp =0, a =2, and (IL.62) shows that the polarization
efficiency |f- ﬁrlz is zero, As an interesting special case, reflection of a circularly
polarized wave incident normally on a perfectly conducting sheet will change the sense of
polarization so that the antenna which radiates such a wave cannot rece_iVe the reflected wave.
Insucha case a_=-a  =x1, so that | -ﬁrlz = 0 for any value of Y ,

xr .
On the other hand, the polarization efficiency given by (11.62) is unity and a maximum

xr
and principal polarization direction of the receiving antenna match the sense, eccentricity,

transfer of power will occur if a =a and Qip = 0, thatis, if the sense, eccentricity,

and principal polarization direction of the incident wave,

For transmission in free space, antenna radiation efficiencies, their directive gains,
and the polarizatioh coupling efficiency are independent quantities, and all five must be
mlaximized for a maximurn transfer of power between the antennas, A reduction in either one
of the directive gains g(-f) and 8, (f) or a reduction in the polarization efficiency l_ﬁ ﬁrlz
will reduce the transfer of power between two antennas,

With each plane wave'incident on the receiving antenna there is associated a ray of
lerigth r from the transmitter, an initial direction of radiation, and the radiated wave
Et exp[i{7 + Tt)] which would be found in free space at this distance and in this direction.
When it is practical to separate antenna characteristics from environmental and path charac-
teristics, it is assumed that the antenna phase respdnse Tt' like - 'rr, is a characteristic

of the antenna and its environment and that
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T, =T +7 (1I. 64)

where Tp is a function of the ray path and includes allowances for path length differences and
diffraction or reflection phase shifts,

Random phase changes in either antenna, absorption and reradiation by the environ-
ment, or random fluctuations of refractive index in the atmosphere will all tend to fill in any -
sharp nulls in a theoretical free-space radiation pattern :_é' or Er' Also, it is not possible
to have a cornplex vector pattern e/r which is independent of r in the vicinity of antenna nulls
unlegs the radiation field._ proportional to 1/r, dominates over the induction field, which

is approximately proportional to 1/r .
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II. 3,6 Multipath Coupling Loss

Coherently phased multipath components from a single source may arrive at a receiving
antenna from directions sufficiently different so that T.i and T, vary significantly. It is
then important to be able to add complex signal voltages at the antenna terminals, Let n=1,
2,--~, N and assume N discrete plane waves incident on an antenna from a single source,
The following expressions represenﬁ the comp}ex open-circuit r,m, s, signal voltage Vo
corresponding to a radio frequency v cycles per seécond, 2 single incident plane wave
J'Z'En exp[i(T + 'rm)], a loss-free receiving antenna with a directivity gain Brn
and an effective absorbing area a matched antenna and load impedances, and an input

resistance r, which is the same for the antenna and its load:

1
v_ = (4r Vsnaen)/‘ (B, B dexplilrd s 47 -7 )] volts (11, 65)
s =S |%m =w.a flanr %) watts fkm® (1L, 66)
n TSR M TV P onBin n i

2

2 .
a . =8 A /l4m) km (1L, 67

- Z -1 ’ :
En B, [(1+ a’m)(l + airn)] Ve [tr+ axnaxrn) cos \JJPn + l(axn + axrn) sintppn]. (11. 68)

if the polarization of the receiving antenna is matched to that of the incident plane wave, then

a 8 q’pn =0, -ﬁn - ﬁrn = ].,. and

] 2 2%
Vo= [4r oV apngtngrn A /(411'1:“) 1 exp[il{T + Tpn + Tin -‘rrn)] volts, (11. 69)

If the coefficient of the phasor in (II. 69) ‘hae the same value for two incident plane waves, but
the values of Tin” Ten differ by w radians, the sum of the corresponding complex voltages
is zero. This shows that the multipath coupling efficiency can theoretically be zero even
when the beam orientation and polarization coupling are maximized, Adjacent lobes in a
receiving antenna directivity pattern, for instance, may be 180° out of pbase and thus cancel
two discrete in-phase plane-wave components,

Equation (II. 3) shows the relation between the total open-circuit r, m, 8, voltage

N
. *
v, E [ z vnva volts (I1. 70)
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and the power w, available at the terminals of a loss~free receiving antenna:

2 )
wo=v, [{4r v) watts (IL. 71)

In writing w, for w in {II. 71), the subscript v has been suppressed, as with almost
all of the symbols in this annex. Studying (I 65} - (I 68), (IL 70), and (IL7l), it is seen
that thezexpreesion for w, is symmetrical in the antenna gains gp, gpr, and g, = aj gp,
Bor ™ Py gpr' and that w, is a linear function of these parameters, though v, is not.
From this follows a theorem of reciprocity, that the transmission loss L = - 10 log (wa/wt)
is the same if the roles of the transmitting and recelving antennas are reversed,
Tha basic trahsmission loss Lb is the system loss that would be expected if the
actual antennas were replaced at the same locations by hypothetical antennas which are:
(a) loss-free, sothat L, = L__ = 0db. See (2.3).
{b) isotropic, so that gt = gr =1 in every direction important to propagation between
the actual antennas,
(c) free of polarization coupling loss, so that ]i;' . _f:v'r| 2.1 for every locally plane
wave incident at the receiving antenna,

(d) isotropic in their phase response, so that Tt. =T, = 0 in every direction,

The available power Yob corresponding to propagation between hypothetical isotropic

antennas is then

1
2 N A cos(t =~ T )
z {2 pn P _pm (1L, 72)
ab (4") rn rm .
m=1

The basic transmission loss Lb corresponding to these assumptions is

= . = - db 11,75
]_b 10 log (wab/wt) Wt wab . ( 3)
The basic transmission loss in free space, Lbf’ corresponds to N = 1, apl =1, -Tpl = Q,
!‘1 =r
2 .
L o.=-10log (M (4nr)] =32.45+ 20%0g f+ 20 log r db (1L, 74)

bf

wh